Female mammalian cells achieve dosage compensation of X-encoded genes by X chromosome inactivation (XCI). This process is thought to involve X chromosome counting and choice. To explore how this process is initiated, we analyzed XCI in tetraploid XXXX, XXXY, and XXYY embryonic stem cells and found that every X chromosome within a single nucleus has an independent probability to initiate XCI. This finding suggests a stochastic mechanism directing XCI counting and choice. The probability is directly proportional to the X chromosome:ploidy ratio, indicating the presence of an X-encoded activator of XCI, that itself is inactivated by the XCI process. Deletion of a region including Xist, Tsix, and Xite still results in XCI on the remaining wild-type X chromosome in female cells. This result supports a stochastic model in which each X chromosome in a nucleus initiates XCI independently and positions an X-encoded trans-acting XCI-activator outside the deleted region.
INTRODUCTION
In placental mammals, gene dosage of X chromosomal genes is equalized between sexes by inactivation of one of the two X chromosomes in female cells (Lyon, 1961) . In mouse and human embryos, XCI is initiated early in development and is random with respect to the parental origin of the X chromosome. Three X-linked noncoding genes, Xist, Tsix, and Xite, located within the X inactivation center (Xic), play a crucial role in the XCI process (Lee and Lu, 1999; Marahrens et al., 1997; Ogawa and Lee, 2003; Penny et al., 1996) . At the start of XCI, the cell determines the number of X chromosomes and elects the future inactive and active X chromosomes. Next, Xist RNA accumulates in cis on the future inactive X chromosome (Xi), followed by several epigenetic changes that ''lock in'' and maintain the inactive state through many cell divisions (Brockdorff et al., 1992; Brown et al., 1992) . Tsix and Xite play an essential role in downregulation of Xist RNA before and during the XCI process.
Despite the progress made over the last decades in understanding XCI, the mechanism underlying the counting and choice process remains unclear. X:autosome translocations suggested the presence of a blocking factor that protects one X chromosome from inactivation per diploid nucleus (Rastan, 1983) . Different deletions 3 0 of the Xist gene resulted in XCI in male cells thus suggesting the location of the blocking factor binding site (Clerc and Avner, 1998; Morey et al., 2004) . Other elements are also involved in the counting and choice process. For example, in female cells with a heterozygous Xist mutation (that abolishes Xist function), the mutant allele is never chosen to be inactivated (Gribnau et al., 2005; Marahrens et al., 1997) . In agreement with this, heterozygous mutations that abolish Tsix transcription result in preferential inactivation of the mutant X chromosome (Clerc and Avner, 1998; Lee and Lu, 1999; Luikenhuis et al., 2001) . To explain the finding that initiation of XCI is absent in male cells with a Tsix promoter mutation, an X-linked competence factor was introduced (two copies are required for initiation of XCI) (Lee and Lu, 1999) . Interestingly, a homozygous mutation of the Tsix promoter revealed a ''chaotic'' choice mechanism, in which zero, one, or two X chromosomes were chosen for inactivation (Lee, 2005) . However, only cells with a single Xi were capable of contributing to a developing embryo (Lee, 2002) .
Besides a blocking factor model, other models have been put forward to explain XCI counting and choice. One model predicts that the fate of an X chromosome is determined prior to the start of the XCI process and is based on differences in sister chromatid cohesion in female ES cells (Mlynarczyk-Evans et al., 2006) . A different model explains counting and choice through transient cross communication between X chromosomes (Marahrens, 1999) . This is supported by two studies showing that the X chromosomes in female cells transiently move closer during the initiation phase of XCI in a subset of cells (Bacher et al., 2006; Xu et al., 2006) . However, it is currently unclear how this model can explain observations made in diploid XXXX and tetraploid XXXX cells, that inactivate three and two X chromosomes respectively, and the XX 65 kb deletion line that does not show a counting defect despite the absence of transvection (Brown et al., 1992; Webb et al., 1992) .
Stochastic model systems have been postulated to explain a variety of cellular choice processes, including lineage specification in the hematopoietic system (Till et al., 1964) , VDJ recombination (Cohn and Langman, 1990) , olfactory receptor choice (Shykind, 2005) , and the retinal mosaic for color vision (Wernet et al., 2006) . Here, we propose a stochastic model for XCI, in which each X chromosome has a probability to be inactivated within a certain time span. To validate such a model, we have analyzed XCI in differentiating diploid and tetraploid ES cells, the latter providing a much wider spectrum of possible outcomes of the XCI process. In addition, we have analyzed XCI in female ES cells with a deletion encompassing all elements that have previously been shown to be involved in XCI counting, including Xist, Tsix, and Xite. Our results support a stochastic model for XCI counting and choice, and indicate the presence of a novel X-encoded factor, XCI-activator, involved in initiation of XCI.
RESULTS

Diploid Female ES Cells with Two Xist Clouds
In differentiating diploid female ES cell cultures, we observed a reproducible proportion of cells with two Xist RNA FISH clouds in one nucleus ( Figure 1A ). In ICM-derived cells that were allowed to differentiate in vitro ( Figure 1B) , we also noticed female cells with two Xist clouds. These observations suggest that some of the female cells attempt to inactivate both X chromosomes. Three independent EB differentiation experiments with female ES cells showed that the relative number of cells with two Xist clouds, as determined by RNA FISH, is low but consistent throughout differentiation. The proportion of these double-cloud cells seemed to increase up to day 5 of differentiation and then decreased subsequently ( Figure 1C ). The presence of cells with two Xist clouds could be attributed to leakiness of the XCI mechanism, resulting in inactivation of the future Xa, and would predict the presence of a comparable percentage of Xist clouds in male cells during ES cell differentiation. Analysis of three different male cell lines showed almost no cells initiating XCI on their single X chromosome, indicating that the presence of the female cells with two Xi-s cannot be explained by sporadic leakiness of the XCI mechanism ( Figure 1D ). To exclude the possibility that cells with two Xist clouds were aneuploid, we performed RNA/ DNA FISH on day 3, 5, and 7 EB differentiated cells, and in vitro differentiated ICM cells. The ploidy status of cells with two Xist clouds was confirmed to be diploid ( Figures 1E and 1F) . Thus, cells with two Xist RNA clouds are present in early differentiating ES and ICM cell populations.
Generation of Tetraploid ES Cell Lines
To investigate this observation in more detail, we generated tetraploid ES cell lines. Different combinations of neomycin-and puromycin-resistant female and male diploid F1 hybrid ES cell lines were fused to generate tetraploid XXXX, XXXY, and XXYY cell lines (Figure 2A ). Clones were grown under continuous double selection. Withdrawal of double selection or the use of inbred ES cells resulted in accelerated chromosome loss. FACS analysis of different tetraploid ES cell lines showed a doubling in DNA content compared to diploid XX ES cells and male mouse embryonic fibroblasts (MEFs, Figure 2B ). The 2n peak in our tetraploid samples decreased after 1 hr of preplating on nongelatinized dishes, indicating that this peak represents male MEFs used for culturing our ES cells. DNA FISH analysis using different autosomal and sex-chromosomal probes confirmed tetraploidy of the cell lines ( Figures 2C and 2D ). In addition, extensive karyotyping of two XXXX (8 and 10) lines and two XXXY (5 and 11) lines showed that the chromosome number in all the lines was around 80 chromosomes, with the majority of cells retaining 80 chromosomes ( Figures 2E-2G ). With DNA FISH analysis using an X paint probe, we found that around 94% of the XXXX cells retain four X chromosomes, and more than 94% of the XXXY cells retain three X chromosomes ( Figures 2E-2G ). We did not find XXXX cells with more than four X chromosomes or XXXY cells with more than three X chromosomes.
To test whether tetraploid ES cells have a stable karyotype throughout embryoid body (EB) differentiation, we repeated the FACS analysis and karyotyping with day 5 EB differentiated cells from two different XXXX and XXXY ES cell lines. We found that our ES cells maintain a stable karyotype throughout the differentiation process ( Figures 2H and 2I ). More importantly, X-paint DNA FISH analysis indicated that a small gain in chromosome number could not be attributed to an increase in the number of X chromosomes. Taken together, these results show that the generated tetraploid ES cell lines have a stable karyotype throughout EB differentiation.
Analysis of X Chromosome Inactivation in Tetraploid Cells
To study the XCI process in different XXXX, XXXY, and XXYY tetraploid ES cell lines, we differentiated and fixed the cells at day 3, 5, 7, and 10 of differentiation. Interestingly, RNA FISH analysis with an Xist probe on XXXX ES cells indicated the presence of cells with zero to four Xi-s ( Figure 3A ). The populations of cells with different numbers of Xi-s during EB differentiation changed over time ( Figure 3B ). At day 3 of differentiation, most of the cells had no Xist cloud while fewer cells had one, two, and three clouds. Later in differentiation (day 5, 7, and 10), cells with two clouds represented the largest population, and this increased over time. Other populations with no, one, or three clouds declined over time.
In addition to the karyotyping ( Figure 2I ), we performed RNA/ DNA FISH on XXXX line 8 at different time points during differentiation to further exclude the possibility that the analyzed cell lines were aneuploid. We first selected cells with 4 X chromosomes as judged by X chromosome paint signal (day 7 and day 10 samples) or an X chromosome-specific BAC signal (day 3 and day 5 samples) and subsequently counted the number of Xist RNA clouds in the nucleus ( Figure 3C ). We compared these results to the RNA FISH data obtained at different time points and confirmed the presence of cells with 3 and 4 Xist clouds ( Figure 3D ). We also found a relative increase in the percentage of cells with two clouds and a relative decrease in the percentage of cells with one cloud in day 5, 7, and 10 differentiated ES cells. These differences can be explained by the fact that RNA/DNA FISH analysis results in the exclusion of XXXO cells ( Figure 2I ) that show preferential inactivation of one X chromosome (see below).
The distribution of cells over time suggests that cells with the correct Xa:ploidy ratio, are selected for during differentiation. Indeed, BrdU analysis of ES cells at day 7 of differentiation showed that BrdU positive cells with three and four Xi-s are severely reduced compared to the total population of cells, indicating that these cells stop dividing ( Figures 3E and 3F ). In contrast, the BrdU positive population consists almost entirely of cells with no, one or two Xi-s indicating that this part of the population remains proliferative ( Figure 3F ). The small number of BrdU positive cells with three Xi-s may indicate that these cells can still divide, albeit at a slower rate when compared to cells with two or less Xi-s, or perhaps more likely, they represent cells that were BrdU labeled prior to XCI. Interestingly, cells with none or one Xi disappeared during the differentiation process, suggesting that these cells initiate XCI on the remaining Xa-s.
XXXY cells preferably inactivate one X chromosome (Figures 4A and 4B) Initiation of XCI was delayed as demonstrated by the percentage of cells with no clouds at day 3 of differentiation, as compared to day 3 differentiated XXXX ES cells (Figures 3B and 4B) . RNA/DNA FISH on XXXY ES line 11, at different time points after differentiation, revealed a similar distribution when compared to RNA FISH alone ( Figures 4C and 4D ). BrdU incorporation analysis of cells at day 7 of differentiation showed that cells with more than one Xi stop dividing. Cells with no Xi are a large proportion of the BrdU positive cells, but disappear over time, again indicating that these cells are still initiating XCI (Figures 4E and 4F) . XXYY cell lines only sporadically initiate XCI at day 3 and day 7 of differentiation similar to diploid XY cells (<0.3%, data not shown).
The above experiments with tetraploid ES cells show that all cell lines preferably keep one Xa per diploid genome. Nevertheless, a significant number of cells do inactivate an aberrant number of X chromosomes during the XCI process. Cells with less than one Xa per diploid genome stop dividing, and are lost in time in the proliferating cell population.
Calculating a Probability to Initiate XCI The existence of cells with an unexpected number of Xist clouds in differentiated ES cells led us to hypothesize that each X chromosome within a cell has a certain probability to initiate XCI. Indeed, for the XXXX cell lines the distribution of cells with different numbers of Xi-s (day 3 of differentiation) can be explained by assuming a 27% probability for each X chromosome to initiate XCI, after subtraction of cells without an Xist cloud ( Figure 5A ). We excluded this fraction because we cannot distinguish between the cell population that, has not yet initiated XCI and that which has initiated XCI but has not chosen an X chromosome for inactivation. Also, this population is not required to calculate the probability. Day 3 differentiated samples were used to avoid potential influences of cell selection or multiple rounds of inactivation in our calculation. Nonetheless, the calculated probability remains a cumulative probability over the first 3 days of differentiation. For the XXXY cells, a probability of 8% would generate a distribution that matches our experimental observation at day 3 of differentiation ( Figure 5B ). Based on these calculations, we conclude that the distribution of the different populations could be explained by assuming a probability for each X chromosome in a cell to initiate XCI. In addition, the probability increased with the X:ploidy ratio, indicating the presence of an X linked activator of XCI.
Initiation of XCI in Female Cells Despite Deletion of Xist, Tsix, and Xite Our results suggest an independent probability for each X chromosome to initiate XCI, followed by selection of cells with the correct number of Xa-s. Therefore, deletion of the cis acting genes (Xist, Tsix, and Xite) and all known elements involved in the counting process should have no effect on the probability to initiate inactivation on the remaining wild-type X chromosome in a diploid female cell. To test this hypothesis, we integrated a floxed hygroTK cassette between Tsx and Xite in a previously described (1lox) DXist ES cell line with a conditional Xist deletion (Csankovszki et al., 1999; Gribnau et al., 2005) (Figure 6A ). Cre recombinase-mediated deletion of the remaining part of Xist, and Tsix, and Xite, designated DXist-Tsix-Xite (DXTX), was confirmed by Southern and PCR analysis ( Figures 6B-6E ). RNA FISH analysis of undifferentiated XX DXTX cell lines with an Xist probe detecting Tsix transcription showed a single pinpoint signal The average and standard deviation of four XXXX cell lines (blue bars) and predicted distribution after one choice round based on a 20%, and 30% probability (gray bars) and a 27% probability per X chromosome to be inactivated (orange bar). (B) Similar to (A) but for the four XXXY cell lines (blue bars) and the predicted distributions based on a 5% and 15% probability (gray bars) and 8% probability per X chromosome to be inactivated (orange bar).
(n = 100), also confirming that the remaining part of Tsix has been deleted from the DXist allele ( Figure 6F) .
To explore the pattern of XCI in differentiating XX DXTX ES cell lines, we subjected EB differentiated cells to DNA/RNA FISH using an Xist RNA probe in combination with an X chromosome-specific Bac probe (day 3) or an X chromosome paint probe (day 7). Since the DXTX and DXist cell lines had a tendency to become XO, (reported to occur for many inbred lines) cells with two X chromosomes were selected prior to examination for an Xist signal. Interestingly, 38% of the cells at day 3 of differentiation and 87% of the cells at day 7 of differentiation showed an Xist RNA cloud, similar to the percentages obtained with the DXist cell lines. Both at day 7 and, more pronounced at day 3, the percentages of cells which initiated XCI were lower for the DXTX and DXist lines than for the wild-type control. We attribute this difference to the fact that in both the DXTX and DXist cells only one X chromosome has a probability to initiate XCI while wild-type female cells have a probability to initiate XCI on two X chromosomes.
To test our findings in vivo, we injected the XX DXTX ES cells into blastocysts and generated chimeras. In the second litter of the female founder, two out of nine embryos contained an X DXTX chromosome ( Figures 6I and 6J ). This was verified by Southern blotting (data not shown). PCR analysis with Sry-specific primers indicated that one DXTX embryo was male and one female ( Figure 6K ). The XX DXTX and X DXTX Y embryos did not show any structural abnormalities or growth retardation ( Figure 6I ). MEFs were derived from all embryos and subjected to DNA/RNA FISH (Xist probe and two BAC probes). We observed Xist RNA clouds in 99% of the XX DXTX MEFs and 98% of the wild-type MEFs, confirming our finding with the XX DXTX ES cell lines ( Figure 6L ).
These data demonstrate that female diploid cells show XCI despite the XTX-deletion and confirm that the probability to initiate XCI is determined independently by each X chromosome. Since XO and XY ES cells do not initiate XCI, these results also indicate the presence of an, as yet unidentified, X-encoded trans-acting factor located outside the deleted region that is required for XCI.
Truncation of Tsix Leads to Earlier Onset of XCI
What factors determine the probability for an X chromosome to inactivate? Studies with Xist promoter driven transgenes show a clear difference in expression between differentiating male and female ES cells, indicating the presence of a sex-linked transcription factor driving Xist expression (Sun et al., 2006) . In addition, more abundant Xist expression has been correlated with a weaker Xce allele in mice (Brockdorff et al., 1991) , suggesting that the level of Xist expression could be a positive parameter correlating with XCI-probability. An additional parameter is Tsix, known as a negative regulator of Xist. Previous studies have shown that introduction of a stop cassette in Tsix prematurely abrogates Tsix transcription and results in almost exclusive inactivation of the mutated X chromosome (Luikenhuis et al., 2001) . Conversely, if Tsix expression persists upon differentiation, the wild-type allele is always selected for inactivation (Luikenhuis et al., 2001 ). These observations suggest that Tsix expression reduces the probability by inhibiting Xist expression. Therefore, abolishing Tsix expression greatly increases the probability of that allele to initiate XCI, and implies that XCI initiation should occur faster on the Tsix-stop allele compared to the wild-type allele.
To test this hypothesis we analyzed Xist cloud formation by RNA FISH in the heterozygous Tsix-stop female ES cell line (Luikenhuis et al., 2001 ) at different time points of differentiation. Indeed, analysis of XCI in wild-type and Tsix-stop cells showed that the Tsix-stop cells initiate XCI much faster compared to wild-type cells (Figures 7A-7C) . Also, the number of cells with two Xist clouds is significantly reduced compared to wild-type cells at all time points measured ( Figure 7C ). Because XCI in Tsix-stop cells is skewed toward inactivation of the mutated allele, we conclude that initiation of XCI is initiated faster on the mutated allele than the wild-type allele. The reduced number of cells with two Xi-s is most likely due to the fact that the mutated X chromosome generates a probability to initiate XCI well before the wild-type allele does, and as a consequence only in a few cells will both X chromosomes have a probability to initiate XCI. Our results showing accelerated initiation of XCI in Tsix stop cells, is consistent with the finding that Xist promoter methylation is detected much earlier in cells with a heterozygous DCpG Tsix deletion compared to wild-type cells, indicating that the XCI process is accelerated on the mutant X chromosome (Sun et al., 2006) .
DISCUSSION
We find that in the course of the XCI process a significant proportion of cells do not comply with the 1Xa/diploid genome rule and have less or more than the expected number of Xi-s.
This finding suggests that XCI is a stochastic process with an independent probability for each X chromosome to initiate XCI and that this probability is directly proportional to the X:ploidy ratio. These results also suggest the presence of an X-encoded probability-promoting factor, which is located outside the region we deleted in our female DXTX lines.
Comparing Different Tetraploid Studies
Our finding that 10 day differentiated XXXX tetraploid ES cells preferably inactivate two X chromosomes is in agreement with Webb et al. (1992) . Similar to our findings in differentiating ES cells, Webb et al. (1992) reported a significant number of cells with zero, one, or three Xi-s in 10-day-old tetraploid XXXX embryos, indicating that cells with an aberrant Xi number are also present in vivo (Webb et al., 1992) . A different study analyzing 9-12 day differentiated tetraploid XXXX lines, generated by fusion of EC cells with lymphocytes, showed variable results (Takagi, 1993) . We attribute the different findings presented in this study to the method used in the previous study to detect Xi-s; i.e., BrdU incorporation in metaphase spreads, a technique that does not allow detection of cells that stop dividing. Also, ES cell x somatic cell fusion lines have been reported to be karyotypically unstable (Matveeva et al., 2005) in contrast to our ES x ES cell fusion lines, which retain a stable karyotype for more than 20 passages.
Each X Chromosome Has a Probability to Initiate XCI Different models have been proposed explaining the XCI counting and choice process. One model explains XCI counting and choice through the presence of a single autosomally encoded blocking factor, which prevents inactivation of one X chromosome per diploid genome. XCI counting and choice could also be explained through transient spatial cross communication between the different X chromosomes, or predetermined Xic's prior to the start of XCI (Bacher et al., 2006; Rastan, 1983; Xu et al., 2006) . These deterministic models predict a tightly regulated XCI counting and choice process and do not explain the presence of XXXX cells with three or four Xi-s. Aberrant numbers of Xi-s in XXXY and XXXX ES cells could be an artifact introduced by tetraploidization or an instable karyotype. However, our tetraploid cells maintain a stable karyotype and the expected number of X chromosomes throughout differentiation. Hence, our finding that XCI is properly regulated in XXYY tetraploid cells argues against this possibility. Instead, the distribution of cells with different numbers of Xi-s can be explained by assuming a stochastic model, in which each X chromosome has a certain probability to be inactivated. A stochastic model predicts the presence of diploid female cells with two Xi-s. We did observe two Xi-s in some differentiating ES and ICM cells, and others also reported the presence of diploid cells with two Xi-s (Lee, 2005) . Nonetheless, the number of cells with two Xi-s is lower than would be expected based on the 27% probability we calculated for each X chromosome in the tetraploid XXXX line (same X:ploïdy ratio as a diploid cell). Although the differences could be due to potentially different cell volumes, cell division, or differentiation characteristics of diploid and tetraploid cells, this discrepancy is most likely based on the fact that there is a strong selection against cells with all X chromosomes inactivated.
Examination of cell division kinetics by BrdU incorporation analysis indicates that cells with one or more Xa per diploid genome keep dividing. Nonetheless, cells with more than one Xa per diploid genome decrease in time, suggesting that these cells keep initiating XCI or are eliminated due to aberrant dosage compensation, although the latter may only play a role at later stages during differentiation. Cells with less than one Xa per diploid genome stop dividing. Therefore, continued proliferation of the other cells within the population will result in a relative decrease of cells with less than one Xa per diploid genome. Currently, we do not know whether these cells remain in the population, are actively selected against, or disassemble their Xist cloud(s) and rejoin the pool of dividing cells.
In vivo evidence supporting cell loss as a consequence of the XCI process comes from studies that show a significant size difference between female and male early implantation diploid embryos before hormonal cues start to influence growth (Burgoyne et al., 1995) . Interestingly, female mouse XO embryos did not differ in size compared to XY male embryos. The size difference between male and normal female embryos is most pronounced around the time of XCI and decreases later during development. Thus, similar to our in vitro findings with differentiating tetraploid ES, gender-specific size differences could very well be related to the loss of XiXi and XaXa cells during development.
Evidence Against a Single Blocking Factor
If the probability to initiate XCI is an independent property of the deleted Xist-Tsix-Xite region, and dependent on trans-acting factors located elsewhere in the genome, deletion of this region in female cells should have no effect on the probability of the wild-type allele to initiate XCI. Our results with the DXTX ES cell lines and mice confirm this hypothesis and show that the deleted area is not required for the counting process in female cells. We find initiation of XCI as expected for a single allele in DXTX cells, indicating that our results are not the consequence of initiation in a few cells followed by a selection process.
These and other findings indicate that a single blocking factor may not be present at all, because of the following arguments. XCI is initiated in male ES cells with a 65 kb deletion, a 20 kb bipartite deletion, and a smaller 1.2 kb DXPas34 deletion, all located 3 0 of Xist (Clerc and Avner, 1998; Morey et al., 2004; Vigneau et al., 2006) , placing the putative blocking factor binding site inside this region. Nevertheless, we find robust initiation of XCI despite the deletion of this entire region. This does not exclude the possibility that the blocking factor binding site is located outside the deleted region. However, if this were true, an increased number Xist-double clouds would be expected in female cells heterozygous for the 65 kb deletion or the Tsix stop insertion, because in both cell lines, half of the wild-type X chromosomes are unprotected from XCI. Remained presence of a blocking factor binding site on the mutated allele would therefore have resulted in an increased number of cells with two Xi-s. Neither we nor others have found this (Clerc and Avner, 1998) . We therefore conclude that our findings preclude a blocking factor model.
Evidence for an X-Encoded Factor Involved in Promoting XCI Our findings that XX DXTX cells initiate XCI in contrast to XY cells provide evidence for the presence of an unidentified X-linked gene encoding a trans-acting factor that is involved in promoting initiation of XCI (XCI-activator). Analysis of the XCI initiation frequency at day 3 of differentiation shows that the XXXX ES cells initiate XCI much faster than XXXY ES cells. In addition, the calculated probability to initiate XCI is much lower for XXXY cells than the XXXX cells. Both observations indicate the presence of an X-encoded probability-determining factor that is located outside our XTX-deletion but resides in the genetically defined Xic. The presence of an XCI-activator is supported by studies with Xist promoter driven transgenes that show a clear difference in expression between differentiating male and female ES cells, also indicating the presence of a sex-linked transcription factor (Sun et al., 2006) .
Interestingly, a previous study, which analyzed XCI in a male cell line with a 450 kb transgene, encompassing Xist and flanking (D) Before differentiation, Tsix transcription represses Xist expression, and the level of XCI-activator is insufficient to overcome Tsix repression. Upon differentiation, the XCI-activator level rises and in female cells reaches a level sufficient to overcome Tsix repression with a certain probability. After Tsix is silenced, Xist accumulates and silences the XCI-activator gene in cis, preventing inactivation of the second X chromosome. (E) Schematic representation of (D). After start of differentiation, the XCI-activator level will rise and, in female cells (red lines), exceed the level required to generate a chance to initiate XCI. After XCI is initiated, cells have either two Xa-s: one Xa and one Xi, or two Xi-s. Cells with two Xi-s stop dividing and disappear from the population (dashed lines). In cells with an Xa and an Xi, the XCI-activator level drops below the level required to generate a probability. Cells with two Xa-s continue with XCI (faint red lines). (F) In XXXX ES cells, the XCI-activator concentration increases during differentiation generating a probability to initiate XCI for each X chromosome. After the choice is made, there are five different outcomes. Cells with less than 2 Xa-s stop dividing and disappear from the population (dashed lines), cells with two Xi-s and two Xa-s stop the XCI process, and cells with no or one Xi continue the XCI process (faint red lines). Note that in cells with one Xi the probability will drop. (G) For XXXY cells, there are four possible outcomes, and the probability to initiate XCI is lower when compared to the XXXX line because of a lower level of the XCI-activator. Cells with two or three Xi-s stop dividing and disappear from the population (dashed lines). Cells with one Xi stop the XCI process, and cells that have not initiated XCI will continue the inactivation process (faint green lines).
regions, showed initiation of XCI on the single X chromosome, indicating that the transgene may harbor the gene encoding this XCI-activator (Lee et al., 1996) . A different study showed that introduction of a BAC sequence located 5 0 to Xist, not including Xist itself, into ES cells also results in initiation of XCI on the single X chromosome in male cells, and on both X chromosomes in female cells (Augui et al., 2007) . This result was attributed to ectopic pairing between the transgene and the Xic. We think that this study indicates that the sequence encoding the XCI-activator may be located within the transgene. The reported transient pairing could be the consequence of the differentiation process, and related to changes in the expression of genes located within the Xic, resulting in transient changes in the nuclear positioning of these genes.
A Stochastic Model for XCI Counting and Choice
This study indicates that XCI is a stochastic process, in which each X chromosome has a probability to be inactivated. The outcome of the XCI process is the resultant of: (1) an equal probability for each individual X chromosome to be inactivated (in the same genetic back ground); (2) the probability to initiate XCI is directly proportional to the X:ploidy ratio; (3) selection in favor of cells retaining one Xa per diploid genome.
What factors determine the probability for an X chromosome to be inactivated? Cell line studies indicate that the Xist, Tsix, and Xite genes play a key role in determining the probability of an X chromosome to initiate XCI. Although the molecular factors involved in the regulation of these genes remain elusive so far, studies with Xist promoter driven transgenes indicate the presence of a sex-linked transcription factor, which is supported by our observations (Sun et al., 2006) . Tsix is transcribed in both male and female cells before the onset of XCI indicating the presence of a, most likely autosomal, factor that drives Tsix transcription in both male and female cells . These observations suggest that the probability to initiate XCI is the resultant of the balance between an X-encoded Xist activator (XCI-activator), that itself is inactivated by XCI, and a Tsix activator (XCIinhibitor). Upon differentiation, the concentration of the XCIactivator rises ( Figures 7D and 7E ). In contrast, the XCI-inhibitor concentration remains stable or may even decrease in time, providing a stable threshold level throughout early differentiation or development, which has to be overcome to generate a probability to initiate XCI. In male cells the maximum XCI-activator concentration is not sufficient to overcome the XCI threshold level. In female cells the concentration of the XCI-activator will be twice as high and sufficient to induce Xist-mediated silencing of Tsix with a certain probability in a particular time frame, e.g., one cell division. Because both X chromosomes generate a certain probability, a proportion of the differentiating cells will inactivate two X chromosomes. After XCI has been initiated, the X-encoded XCI-activator gene will be silenced in cis. This results in a drop in the XCI-activator level to a level equal to that found in male cells, preventing inactivation of the second X chromosome. Cells that have not initiated XCI will start another round of inactivation. Xist expression on the future Xi persists because less XCI-activator is required as a result of a lack of Tsix inhibition in cis. In addition, chromatin modifications or cis interactions may fix the Xist active state on the future Xi.
For tetraploid cells, this model becomes more complicated because of the increased number of possibilities (Figures 7F and 7G) . XXXY tetraploid ES cell lines will have less XCI-activator when compared to the XXXX lines. This explains the decreased probability that was calculated for the XXXY line (8%) compared to the XXXX line (27%).
Important prerequisites for this model are the rapid downregulation of the XCI-activator level after initiation of XCI, and Xistmediated silencing of Tsix. Indeed, studies with cell lines with an inducible Xist cDNA transgene showed that inactivation of flanking genes occurs within several hours after Xist upregulation (Wutz and Jaenisch, 2000) . To date, it is unclear whether Tsix is silenced by Xist, or whether Xist upregulation is due to autonomous silencing of Tsix by developmental cues. Constitutive or inducible expression of Tsix shows that persistent expression of Tsix results in preferential inactivation of the (other) wild-type X chromosome. Conversely, elevated transcription through Xist, as a consequence of an integration of a selection cassette upstream of the Xist promoter, results in preferential inactivation of the mutated X chromosome (Nesterova et al., 2003) . Although we cannot exclude a model in which the probability is solely dependent on autonomous downregulation of Tsix, these findings indicate the presence of a transcriptional balance between Xist and Tsix, in which both genes have mutual inhibiting properties.
Interpretation of the Stochastic Model
A stochastic model for XCI predicts that SNPs, mutations or deletions of binding sites for the XCI-activator or -inhibitor will change the probability to inactivate the respective X chromosome and will result in skewed XCI. According to this model, a truncation of Tsix or deletions that lead to severe downregulation of Tsix expression, will result in a reduced level of XCI-activator required for initiation of XCI, and would explain ectopic XCI observed in mutant male cells (Clerc and Avner, 1998) . Similarly, Xist transgenes lacking Tsix repression will require less XCIactivator, which may lead to ectopic XCI in male cells (Herzing et al., 1997) . In addition, a homozygous mutation of the Tsix major promoter that abolishes Tsix expression in female cells will lead to increased probabilities for both X chromosomes explaining the high frequency of differentiating cells with two Xi-s (Lee, 2005) .
A stochastic model would also explain the sex-ratio distortion found for Tsix double-mutant offspring as a consequence of expression differences of the XCI-activator between male and female cells (Lee, 2002) .These observations indicate that Tsix may not be required for proper XCI to occur, as proposed for humans. As long as the probability to initiate XCI on an X chromosome remains low. This could be accomplished by downregulation of the XCI-activator activity or Xist promoter activity. Although the factors driving the XCI process remain as yet elusive, the DXTX deletion described here locates the X-encoded XCI-activator gene outside the deleted region but within the region delineated by the Searle's translocation and the HD3 truncation, which originally defined the Xic (Lyon et al., 1964; Rastan and Robertson, 1985) . Future identification of the XCI-activator and -inhibitor will be crucial for our understanding of the XCI process.
EXPERIMENTAL PROCEDURES
Generation of Tetraploid ES Cell Lines M. cast / 129/Sv F1 female (F1 2-1) and male (F1 2-3) ES cell lines and a male C57Bl6 / 129/Sv (V6.5) ES cells were targeted with neomycin and puromycin resistance cassettes. PEG 1500 (Roche) fusion was performed according to manufacturers instructions. Tetraploid ES cell lines were grown on male MEFs, under continuous double selection and have not been frozen before analysis.
DNA and RNA FISH Preplated ES cells were transferred to nongelatinized bacterial dishes to start EB differentiation, in IMDM + Glutamax (GIBCO), 15% FCS, Asc. Acid 50 mg/ml, NEAA, PenStrep (PS), Monothioglycerol (97%) 37.8 ml/l. One day prior to fixation, EBs were trypsinized and transferred to dishes with gelatin coated coverslips. BrdU (20 mM) was added 16 hr (less then one cell division) prior to harvesting.
For RNA FISH experiments on differentiating ICM cells, 3.5 dpc blastocysts were flushed out of the uterus and allowed to attach for 2 days in DMEM, 15% FCS, NEAA, PS, b-mercapthoeth, 8 ml/l. Expanded ICMs were microdissected with a mouth pipette and plated on gelatinized slides. ICM cells were allowed to attach and proliferate for 2 more days before fixation.
DNA and RNA FISH were performed as described (Gribnau et al., 2005) , Xist RNA and chromosome 6-, 7-, and Y-specific probes have been described (Geijsen et al., 2004; Gribnau et al., 2005) . Criteria for scoring the Xist clouds were as follows: first in DAPI, a nonoverlaid intact nucleus was selected, then in FITC, the number of clouds was counted. Every Xist cloud that was counted was clearly distinguishable from neighboring clouds. If not specifically indicated, more than 100 cells were counted per cell line per time point. For combined DNA/RNA FISH, slides were pretreated for 4 min with 0.2% pepsin in 10mM HCl at 37 C, postfixed for 5 min in 4% PFA/PBS, washed twice with PBS, and dehydrated prior to denaturation. Probes for hybridization were Xist, a Cy3-labeled X paint probe (Cambio), or a combination of two biotinlabeled BACs (CT7-155J2 and CT7-474E4). Slides were washed at 42 C in 23 SSC and 3 washes of 23 SSC / 50% formamide. Detection was as described (Gribnau et al., 2005) . For DNA/RNA FISH diploid cells with two and tetraploid cells with four, X chromosomes were selected in the red channel, and then Xist clouds were counted in the FITC channel.
Karyotyping Cells were treated with colcemid for 1 hr, fixed, and hybridized with an X paint probe (Cambio). Criteria for scoring painted X chromosomes was as follows: first in DAPI, a metaphase spread was selected, next in the red channel, the number of X chromosomes was counted.
Generation of the DXTX ES Cell Line An 8.2 kb XhoI-ClaI fragment from BAC 299K20 was subcloned into pBluescript KS, followed by the insertion of a PGK-DTA cassette into the ClaI site. Next, a floxed hygro-TK cassette was cloned into an EcoRV site. The resulting pXite-DTA-hygroTK was targeted to a heterozygous DXist 1lox ES cell line (Gribnau et al., 2005) . After transient Cre expression, positive clones were identified by southern analysis (SpeI digest) with a 3 0 external probe, a 565 bp PCR product (AAGCTTGGGTCCTCCTCTGT and CCACTCAGACATCCCCAG AT). Cre-mediated excision was confirmed by PCR analysis using primer set 1 (A, TTTCTGGTCTTTGAGGGCAC 3 B, CACTGGCAAGGTGAATAGCA) detecting the original DXist 1lox allele and primer set 2 (A 3 C, GGACA TTTTGTCCTGGCAGT) detecting the DXTX allele.
